An analytical study was conducted to determine the improvements in vehicle performance possible by burning metals with conventional liquid bipropellants. These metallized propellants theoretically offer higher specific impulse, increased propellant density and improved vehicle performance compared with =, This pnpcr Is dcclsrcd a work of thc U.S. Govcrnmcnl and IS no1 suhjccl In copyrighl prnlcclinn In Ihc Unirrd Slslcs.
conventional liquid bipropellants. Metals considered were beryllium, lithium, aluminum and iron. Liquid bipropellants were H2/02, N2H4/N204, RP-1/02 and H2/F2. A mission with AV = 4267.2 m/sec (14 000 ft/sec) and vehicle with propellant volume fixed at 56.63 m3 (2000 ft3) and dry mass fixed at 2761.6 kg (6000 lb) was used, roughly representing the transfer of a chemically propelled, upper-stage vehicle from a low Earth orbit to a geosynchronous orbit. lhe results of thermochemical calculations and mission analysis calculations for liquid bipropellants metallized with beryllium, lithium, aluminum and iron are presented. Technology issues pertinent to metallized propellants are discussed.
INTRODUCT ION
The selection of rocket propellants for a particular application depends on many factors including performance, cost, and safety. A number of steps are involved in analytically evaluating the potential of a rocket propellant combination. The first step i s to determine rocket engine performance based on specific impulse. Thermochemical calculations are conducted to identify peak specific impulse for the engine configuration to be used in the application. Peak values can be compared for various propellant combinations to determine which yields the optimal propulsion system performance. However, propulsion system performance alone is insufficient to make a propellant selection. Vehicle performance parameters such as the velocity change of the vehicle or the quantity of payload that can be delivered in a mission must next be calculated. Flight relation equations are used in which both the density and specific impulse of the propellant combination become important. In this process, physical constraints resulting from the requirements of the application must be considered. Finally, in evaluating rocket propellants for a particular application, the potential benefits in vehicle performance must be weighed against safety, cost, and technical considerations. The potential benefits derived from an advanced rocket propellant are inconsequential if safety requirements for the application cannot be satisfied, cost for develop ment or operation are unrealistically large, or if the required technology cannot be developed. This report presents the results of an evaluation of metallized propellants. Propulsion system performance (specific impulse) and vehicle performance (delivered payload mass) are emphasized in the evaluation, although safety and technology issues are also discussed. Thermochemical calculations were conducted to identify the specific impulse of several metallized propellant combinations over a range of compositions. Propellant density data were then calculated as a function of propellant composition. Finally, a simplified upper-stage mission was chosen, and flight performance parameters were calculated using the propulsion system performance and propellant density data.
Metallized propellant (tripropellant) systems consist of a liquid fuel, a liquid oxidizer, and a metal fuel. The metal is typically suspended in fine particulate form as a slurry or gel in the fuel, oxidizer, or a separate carrier fluid, although any metal management system allowing good combustion efficiency could be considered. These metallized propellants have several potential advantages over conventional liquid bipropellants and offer the opportunity to advance chemical rocket propulsion performance beyond that of any liquid bipropellant. The most important of these advantages is the possibllity for improved specific impulse and propellant density compared to conventional bipropellant combinations. Better vehicle performance is the end result of these improvements. Other advantages may stem from the use o f metallized propellants depending upon the state of the propellant. For example, gelling the metal in the liquid propellant could lead to better storage and handling properties. Since gels are semisolid in composition, mechanical or hydrostatic propellant delivery systems could be used. The need for baffles in propellant tanks may be eliminated, thus reducing vehicle dry mass. Evaporation of cryogenic propellants may be reduced, thereby simplifying ground processing procedures. Finally, an increased margin of safety may be possible due to the flow resistance o f the gelled propellant to leaks in tanks and propellant lines.
Metallized propellants are not new to rocket propulsion. Early analytical work in the 1960's generated interest in low molecular weight, high energy metals such as beryllium and lithium. Aluminum was also investigated because of its good combustion energy and desirable density. Experimental demonstrations followed which were primarily directed toward ballistic applications. However, the concept was eventually abandoned after significant technical efforts as budgets for high-risk, high-payoff propulsion technology began to diminish. The major problems remaining unsolved at that time included; combustion inefficiencies and two-phase flow losses limiting delivered performance, safety problems with propellants like beryllium, and the inability to develop an effective metal storage, transport, and injection system. A more detailed review of the history of metallized propellants is contained in reference 1.
Metallized propellants still offer the potential for state-of-the-art advancements in chemical rocket propulsion performance and are reexamined here with today's improved computational capabilities in light of current applications and technology. Metals considered in the analysis were beryllium (Be), lithium (Li), aluminum (Al) and iron (Fe). Bipropellant systems considered were hydrogen/oxygen (H2/02), hydrogen/fluorine (H2/F2), hydrazine/nitrogen tetroxide (NzHq/N204), and RP-l/oxygen (RP-1/02). Iron was included because of its good combustion energy and very high density. The other metals, although considered in the past, are reexamined here with a wide variety o f liquid bipropellant systems. Whereas past work focused heavily on specific impulse for improvements in vehicle performance, the importance o f both specific impulse and propellant density are considered here.
THERMOCHEMICAL CALCULAIIONS
Specific impulse advantages of metallized tripropellants over conventional liquid bipropellants result because o f the large amount of energy released when the metal component burns. If we assume any condensed phases t o be in velocity equilibrium with the gaseous phase, the following equation can be used to calculate specific impulse:
Since the enthalpy change is the heat release per unit weight of material, Therefore, specific impulse is roughly proportional to the square root o f the ratio of chamber temperature to molecular weight. Specific impulse is increased by elevating the energy of the system and reducing the molecular weight o f the cornbustion products. Metallized propellants can supply the optimum combination of a high-energy source and low molecular weight, which accounts for their increased specific impulses. Figure 1 shows the combustion energies of some o f the elements when added to oxygen and fluorine. Notice the decaying sinusoidal nature o f the combustion energy with atomic number. This trend continues beyond an atomic number of 18. Based on combustion energy, the elements that appear most attractive for use in metallized propellant combinations include beryllium, lithium, boron, magnesium, and aluminum. Beryllium, lithium, and boron appear particularly attractive for improving specific impulse because of their high combustion energy and low molecular weight. molecular weights, the addition of these metals to liquid bipropellants would not be expected to improve specific impulse as much as beryllium, lithium, or boron. The combustion energy o f iron with oxygen is 5320 J/g (2290 Btu/lb). Consideration of propellant density may provide justification for using heavier elements such as iron as metal rocket propellant additives. Table I contains element property data such as specific gravity and molecular weight for selected elements. The high density of aluminum and iron relative t o t h e other elements is evident. Since vehicle performance depends on both specific impulse and propellant density, the high density of aluminum and iron is a desirable characteristic of these metals when they are used as rocket propellants.
Since aluminum and magnesium have higher
Iron is not shown in figure 1 because it has an atomic number of 26.
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In order to assess the potential of these metals as rocket propellants, thermochemical calculations were first conducted to identify specific impulse. Gordon 2) was used to generate vacuum specific impulse values for the metallized propellant combinations over a wide range of mixture ratios and metal loadings. Mixture ratio is defined for metallized propellant combinations as the ratio of liquid oxidizer mass to the sum of liquid-fuel mass and metal mass. Metal loading is defined as the weight percentage of the total fuel (metal plus liquid fuel) that is metal fuel. The program generated the theoretical rocket parameters by assuming shifting equilibrium, ideal expansion to a vacuum from a 6.895-MN/m2 (1000 psia) chamber pressure. A rocket nozzle with a 60:l area ratio (ratio of the nozzle exit area to throat area) was assumed.
The results of the thermochemical calculations are shown in figures 2 to 5 which plot vacuum specific impulse versus metal loadlng for each of the mctals and liquid bipropellants considered in the analysis. Figure 2 shows how beryllium, with is high combustion energy and low molecular weight, can increase the specifir impulse of each liquid bipropellant combination. This improvement i n rocket performance is most striking with the Be/H2/02 tripropellant which offers the highest specific impulse of any chemical propellant combination. The improvements in specific impulse are not as pronounced with the storable and hydrocarbon bipropellants because thermal energy is not as easily converted to kinetic energy with the higher molecular weight exhaust products. Figure 3 shows the rocket performance of each liquid bipropellant with lithium addition. The performance of the H2/F2, H2/02 and N2Hq/N204 bipropellants benefit from the addition of lithiurn. Lithium produces thermally stable fluorides which do not dissociate at high combustion temperatures. This accounts for the good specific impulse of Li/H2/F2. The dissociation of lithium oxide at high temperatures is the source of lithium's moderate performance with the H2/02 system. affects the specific impulse of various liquid bipropellants. Slight improvements in theoretical rocket performance are possible by the addition of aluminum to the H2/02 and N2Hq/N204 bipropellants. getic metal, it has a high molecular weight which is not conducive to high specific impulse. Finally, the rocket performance of iron is shown in figure  5 . Iron addition to liquid bipropellants decreases theoretical specific impulse because of its high molecular weight and low combustion energy relative to the other metals. However, the potential of high density metals like aluminum and iron can only be determined by considering both specific impulse and propellant density in calculating flight performance parameters. This was the subject of further analysis which is presented in the Mission Analysis section of this report.
Figure 4 illustrates how aluminum addition
Although aluminum is an ener--Peak theoretical vacuum specific impulse, mixture ratio and metal loading for each of the metallized propellants are presented in table 11. Peak rocket performance is also presented graphically in figure 6. added to a particular bipropellant, do not increase specific impulse. Zero percent metal addition is indicated in figure 6 for these cases. It must also be noted that the specific impulse physically achievable from metallized propellant combinations will be less than theoretical after taking into account realistic losses due to combustion inefficiencies, chemical kinetic effects, Certain metals, when two-phase flow, nozzle divergence, wall friction, and nozzle back-pressure. An analytical prediction of these losses was beyond the scope of this analysis.
Based on theoretical rocket performance (specific impulse), beryllium and lithium appear very promising as rocket propellants while aluminum and iron d o not. However, the ultimate criteria of the performance of a rocket propellant are flight parameters (such as payload mass or AV) which reflect the effects of both specific impulse and propellant density. Therefore, mission analysis must be conducted to determine the true potential of high density, low energy metals such as aluminum and iron or low density, high energy metals such as beryllium and lithium. In addition, safety, cost and technology issues must be considered. The potential of a rocket propellant cannot be judged solely on specific impulse. that payload capability increases with density along lines of constant specific impulse. However, in reality, payload mass does not directly increase with either parameter because of the thermochemical relationship between propellant specific impulse and bulk propellant density (i.e., mixture ratio and metal loading). This curve was calculated from specific impulse, mixture ratio, and metal loading data.
MISSION ANALYSIS

Figure 7 shows the effect of bulk propellant density on
The curve for Al/H2/02 payload capability illustrates this.
The bulk density of the propellant combination Is a value of a
hypothetical mixture of liquid oxidizer, liquid fuel, and metal fuel and gives an indication of the compactness of the propellant cornbination. Bulk propellant density was calculated from the following equation which is derived in reference 1.
The payload capability curve for Al/H2/02 ( fig. 7) shows that payload mass increases with bulk propellant density, in spite of the decrease in specific impulse. Therefore, for a given mission and vehicle (i.e., fixed dry mass, propellant volume, and velocity change), increasing bulk propellant density with high-density metals can lead to payload advantages. Conversely, the addition of low density metals to liquid bipropellants could conceivably reduce payload capability while improving rocket performance (specific impulse). It is important to realize that the potential of a rocket propellant is ultimately judged on vehicle performance which Is a function o f both specific impulse and propellant density. A number of references are available which discuss the relative importance of specific impulse and propellant density for rocketpowered vehicles (refs. 3 and 4).
In order to assess the potential of metallized propellant combinations, mission analyses considering the combined impact of specific impulse and propellant density were conducted. Since the objective of the analysis was to compare the performance of one metallized propellant combination to another and to the unmetallized liquid bipropellants, a simplified mission was assumed.
A mission with AV = 4276.2 m/sec (14 000 ft/sec) and vehicle with propellant volume fixed at 56.63 m3 (2000 ft3) and dry mass fixed at 2761.6 kg (6000 l b ) was selected. This roughly represents the transfer of a chemically propelled, upper-stage vehicle from a low Earth orbit to a geosynchronous orbit. The vehicle is propelled by a rocket operating at 6.895-MN/m2 (1000 psia) chamber pressure with a 6O:l area ratio nozzle.
The assumptions of fixed propellant volume, constant dry mass and mission AV are permissible for the purpose of Comparing propellant performance in certain applications. A fixed envelope volume is often a requirement of an application. For example, an upper-stage vehicle could be volume constrained by the payload bay of the space shuttle. The replacement of final destination by AV is a permissible simplification if velocity losses such as drag are negligible or independant of the propellants used. For missions where large drag losses are inherent, significant AV changes may occur due to vehicle drag area changes resulting from variations in propellant density. This is not the case for upper-stage missions. Finally, vehicle dry mass (tank masses, miscellaneous hardware, engine mass, etc.) can be consldered constant i f optimum propulsion system operating conditions (chamber pressure, tank pressure, etc.) are not a strong function of propellant density (ref. Several flight performance parameters such as delivered payload mass, minimum weight, occupancy o f minimum volume for a given mission, or the velocity change for a glven vehicle can be used to quantify vehicle performance. Delivered payload mass was taken as a measure of performance for this analysis. Payload mass was calculated from equation (5) using the theoretical vacuum specific impulse data. Bulk propellant density was calculated for each mixture ratio and metal loading using equation ( 6 ) .
The results of the mission analysis are shown in figures 8 to 14 which plot delivered payload mass versus metal loading for each of the metals and liquid bipropellant systems considered in the analysis. Figure 8 shows the payload capability of beryllium with H2/02, RP-1/02, and N2H4/N204. Beryllium addition improves the performance of all three bipropellants, with the more dense liquid bipropellant systems delivering higher absolute payload masses in the fixed-volume application. The improvement in vehicle performance by beryllium addition is most pronounced with the N2Hq/N204 system. Beryllium has high combustion energy, low molecular weight, and high density which ultimately leads to these improvements in flight performance. Figure 9 shows the payload capability of lithium with the liquid bipropellants. Lithium addition results in improved vehicle performance only with H2/F2 and H2/02 bipropellants because of the low density of lithium and because specific impulse improvements are appreciable only with these bipropellants. However, the improvements in vehicle performance are slight. The Improvements in payload capability theoretically possible by the addition of aluminum to the liquid bipropellants are shown in figure 10 . Increased performance in the N2Hq/N204 system is due to a combination of improved specific impulse and increased propellant density. In the RP-1/02 and H2/02 systems, increased payload mass i s attributed almost entirely to increased propellant density by addition of aluminum. figure 1 1 , the addition of iron to conventional liquid bipropellants shows no potential for Increaslng performance with the assumed mission model. Although iron has a very high density, the degradation in specific impulse by iron addition to the liquid bipropellants is too severe. figure 16 using the parameter presented In appendix 8.
As shown in
TECHNICAL DISCUSSION
After a propellant combination has been evaluated based on rocket and flight performance parameters, safety and technical issues associated with the use of the propellant combination must be considered. Theoretical analysis of rocket and flight parameters indicates that metallized propellants potentially offer significant performance advantages over their corresponding bipropellants. However, because of the energetic nature of the propellants and the presence o f the solid metal in the system, an advanced technology is required to develop a reliable, high-energy propulsion system using metallized propellants. Safety concerns also arise with the use of some metallized propellant combinations. lhis discussion is concerned with some major technical and safety issues associated with metallized propellants. More detailed discussion is contained in reference 1.
Safety 'is a primary consideration when selecting a rocket propellant for any application. Several of the metallized propellant combinations discussed here do present safety problems. Beryllium shows good potential for increasing the performance of certain liquid bipropellants. However, the toxicity of beryllium and its derivatives remains an important aspect to consider. The toxicity of beryllium metal has prevented its past use with solid and liquid propellant rocket systems and is a deterrent to its future use as a rocket propellant. Propellant combinations using fluorine as the oxidizer also present unique safety hazards. The unusually high density of fluorine, coupled with the favorable propellant mixture ratios inherent in the stoichiometry of its combustion, make fluorine a high-performing oxidizer. However, the potential problems in handling fluorine tend to discourage its consideration for rocket propulsion systems (ref. 5). Potential safety hazards do exist with some of the other propellants discussed here such as hydrazine, nitrogen tetroxide, and liquid hydrogen, but these hazards can be controlled so that such propellants are routinely used in current rocket propulsion applications.
Several technology areas are of major importance in evaluating the potential of metallized propellants. These technologies include metal ignition and combustion, performance losses, thrust chamber cooling, advanced materials, and the storage, transport, and injection of the metal. A metallized propellant propulsion system must be designed for high performance. Rocket performance losses due to inefficient combustion and two-phase flow could negate the flight performance advantages theoretically possible with metallized propellant combinations. Efficient combustion o f the metal in metallized propellants requires small, solid particles, large residence times for the reactants in the thrust chamber, and a core temperature in the thrust chamber high enough to initiate and maintain combustion of the metal. The development of an effective metal management system and an effective thrust chamber configuration is the first step toward ensuring good combustion efficiency with metallized propellants.
The combustion of metals in metallized propellant combinations results in the formation of small metal-oxide particles whose thermal energy must be converted to kinetic energy by heat and momentum exchange with the surrounding gas in the nozzle. A decreased nozzle efficiency results if the solid fails to maintain thermal and velocity equilibrium with the gas. To prevent such two-phase flow losses, the solid particles must be kept very small s o that they will have the same velocity as the gas and be in thermal equilibrium with the gas. Heat transfer will also be greater in metallized propellant thrust chambers than in chambers using conventional propellants because of the presence of the particulate matter in the combustion gases. Advanced cooling techniques would be required to adjust for the increased heat transfer in these rockets. In addition the impingement of solid metal particles on the thrust chamber wall could create durability problems in reusable propulsion systems necessitating development of advanced thrust chamber materials.
Finally, an effective metal management system must be developed for the storage, transport, and injection of the metal. Several types o f systems have been explored in the past. The most popular technique has been t o suspend the metal in fine particulate form in the liquid fuel as a slurry or gel. In this way the metal could be transported and injected along with the liquid fuel. However, many technical challenges are associated with developing a reliable gelled, metallized fuel combination. Potential problems exist in areas including storage stability, abrasion and clogging of propulsion system components, and propellant waste due t o residual deposits in tanks and propellant lines. The concept of metallizing liquid bipropellants is a novel approach for improving performance, but an advanced technology is required to make it practical and safe. 
Safety and technology issues were reviewed as a final step in evaluating the potential of metallized propellant combinations since benefits in perform ance are inconsequential if safety requirements for the application cannot be satisfied or if the required technology cannot be developed. Safety (toxicity) problems discourage the use of beryllium as a rocket propellant. Lithium shows potential for increasing the performance of the H 2 / F 2 bipropellant, but fluorine exhibits unique safety hazards. Aluminum is the only metal examined in this analysis that shows potentjal for improving rocket and flight performance and also presents no unique safety problems. Future work on metallized propellant systems should focus on technologies associated with the addition of aluminum to liquid bipropellant systems.
Metallized rocket propellants show promise based on the theoretical analysis of this report, but future experimental efforts are needed to further explore these propellants and realistically evaluate their advantages. Technologies which need to be immediately addressed include physical and chemical properties of metallized propellants, metal ignition and combustion phenomena, performance losses due to two-phase flow and combustion inefficiencies, cooling requirements, advanced thrust chamber materials, and the storage, transport, and injection of the metal. The concept of metallizing liquid bipropellant systems shows promise for increasing rocket propellant performance, but an advanced technology is required to make the concept feasible. 
A P P E N D I X A
EFFECT OF PROPELLANT D E N S I l Y AND S P E C I F I C IMPULSE ON F L I G H l PERFORMANCE
As illustrated by the analysis of this report, the determination of propellant performance is a time consuming and complicated process which must be repeated for each application and propellant combination. A convenient method of determining the potential of rocket propellant combinations without performing this lengthy process i s therefore desirable. Since both specific impulse and propellant density are significant in the evaluation of rocket propellant performance, a parameter including both variables could be used as a preliminary criterion for the evaluation of the performance of rocket propellant combinations. Such a parameter can be derived from the rocket equation (eq. (5)). By expanding the exponential term in the rocket equation using an infinite series expansion, the following linear relationship between delivered payload mass and p I can be shown where a and b are constants, and the exponent n depends on the vehicle and mission. 
